In this study the structural features, antioxidant, and tyrosinase inhibitory activities of proanthocyanidins in leaves of two tea cultivars, namely Huangjingui and Qilan, were investigated. The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and thiolysis-high performance liquid chromatography-electrospray ionization mass spectrometry analyses confirmed that these proanthocyanidins were built up a mixture of procyanidins, propelargonidins, and prodelphinidins, with the predominance of procyanidins. The proanthocyanidins in leaves of Huangjingui and Qilan cultivars exhibited potent antioxidant activities with IC 50 values of 87.36 ± 0.83 and 97.33 ± 0.61 µg/mL in 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay, 43.57 ± 0.25 and 55.01 ± 0.22 µg/mL in 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging assay, and with ferric reducing antioxidant power values of 4.83 ± 0.03 and 3.97 ± 0.02 mmol ascorbic acid equivalent/g in ferric reducing antioxidant power assay. It was also found that these proanthocyanidins had strong inhibition on tyrosinase activity with IC 50 values of 54.8 ± 1.27 and 20.0 ± 0.89 µg/mL for Huangjingui and Qilan cultivars, respectively. The results indicated that the proanthocyanidins in leaves of two tea cultivars could be considered as natural antioxidants and tyrosinase inhibitors applied in pharmaceutical and cosmetic industries in the future.
Introduction
Tea (Camellia sinensis L.), with an annual production of over three million tons, [1] is one of the most popular non-alcoholic beverages in the world. [2] It is believed that consumption of tea is associated with a lower incidence of certain chronic disease [3, 4] due to its abundant active components polyphenols. [5] According to the records of Ho et al., [6] tea polyphenols account for up to 30% of the dry weight of the fresh tea leaves.
Proanthocyanidins also termed as condensed tannins, are a structurally complex subclass of polyphenolic compounds that are composed of flavan-3-ol subunits linked mainly through C4-C8 or C4-C6 bonds. The most widely distributed proanthocyanidins in plants are propelargonidins, procyanidins and prodelphinidins ( Fig. 1) , consisting of (epi)afzelechin, (epi)catechin, and (epi) gallocatechin units, respectively. In recent years, proanthocyanidins have received considerable attention arising from their potential health benefits, including antitumor effects, antioxidant, and tyrosinase inhibitory activities. [7] [8] [9] [10] [11] Based on the report by Robertson, [12] proanthocyanidins make up about 2-3% of the dry weight of tea leaves. Although the predominant flavan-3-ol monomers constituting the proanthocyanidins in tea leaves have been identified to be epigallocatechin gallate, epicatechin gallate, epigallocatechin, and epicatechin, [13] detailed information on the proanthocyanidin profiles including polymer chain length, chemical constitution of individual chains, and the sequential succession of monomer units in individual chains, have not been well resolved.
In the present study, two tea cultivars, namely Huangjingui and Qilan commonly cultivated in Fujian province, were chosen for investigation. The proanthocyanidins in freshly harvested leaves of them were isolated through a Sephadex LH-20 column. Their structural features were characterized using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and thiolysis coupled with reversed-phase high-performance liquid chromatography-electrospray ionization mass spectrometry (thiolysis-HPLC-ESI-MS) analyses. Moreover, the free radical scavenging capacity, ferric reducing antioxidant power, and tyrosinase inhibitory activity of these proanthocyanidins were also evaluated.
Materials and methods

Chemicals and reagents
2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-tripyridyl-S-triazine (TPTZ), butylated hydroxyanisole (BHA), ascorbic acid, 2,5-dihydroxybenzoic acid, cesium chloride, benzyl mercaptan, mushroom tyrosinase, 3,4-dihydroxyphenylalanine, Sephadex LH-20 and HPLC standards were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water was purified in the laboratory by a Millipore Milli-Q apparatus (TGI Pure Water Systems, USA). Acetonitrile and trifluoroacetic acid (TFA) for HPLC analysis were of HPLC grade. All other reagents and solvents used were of analytical grade. 
Plant materials
The first three to five of developmentally matured leaves of Huangjingui and Qilan cultivars were hand-harvested randomly in May 6, 2012 in Anxi, Fujian province, Southeast China. Leaves damaged by insects or mechanical factors were avoided. The harvested leaves were washed and immediately freeze dried using a desktop freeze-dryer at -56°C for 72 h, then ground finely and stored at -20°C prior to extraction. The two tea cultivars are identified by Professor Zhen-Ji Li (School of Life Sciences, Xiamen University).
Extraction and purification of the proanthocyanidins
Freeze-dried leaf powders (10 g of each) of Huangjingui and Qilan cultivars were extracted with 200 mL of 70% aqueous acetone and kept for 24 h at the room temperature. The extracts were then centrifuged at 3500 × g for 15 min and the supernatant was collected. The same procedure was repeated three times. The acetone extracts were pooled and rotary-evaporated under vacuum at 38°C to remove acetone. The aqueous phase was recovered and partitioned successively with hexane and dichloromethane in order to remove pigments, lipids, and nonpolar materials. The remaining aqueous fractions were then loaded onto a Sephadex LH-20 column (30 × 2.5 cm i.d.), which was eluted successively with 50% aqueous methanol and 70% aqueous acetone. The fractions of 70% aqueous acetone were retained. The acetone was removed under reduced pressure, and the remaining aqueous fractions were lyophilized to obtain the respective purified proanthocyanidins in leaves of two tea cultivars.
MALDI-TOF-MS analysis
The MALDI-TOF-MS spectra were recorded on a Bruker Reflex III instrument (Bruker, Germany). The method described by Wei et al. [14] was applied to analyze the proanthocyanidins in leaves of Huangjingui and Qilan cultivars. The irradiation source was a pulsed nitrogen laser with a wavelength of 337 nm, and the duration of the laser pulse was 3 ns. In the positive reflectron mode, an accelerating voltage of 20.0 kV and a reflectron voltage of 23.0 kV were used.
Thiolysis coupled with reversed-phase HPLC-ESI-MS analysis
Reversed-phase HPLC-ESI-MS analysis was completed according to the method described by Li et al. [15] and Wei et al. [14] The proanthocyanidins in leaves of Huangjingui and Qilan cultivars (5 mg/mL in methanol, 50 µL) were placed in a vial and to this was added hydrochloric acid in methanol (3.3:96.7, v/ v; 50 µL) and benzyl mercaptan in methanol (5:95, v/v; 100 µL). The solution was heated at 40°C for 30 min, and cooled to room temperature. The degradation products were injected into an Agilent 1200 system (Agilent, USA) interfaced to a QTRAP 3200 (Applied Biosystems, USA) with a Hypersil ODS column (4.6 mm × 250 mm, 5 µm; Elite, China). Two solvents, namely A = 0.5% (v/v) TFA in aqueous and B = CH 3 CN, were used. The gradient condition was: 0-45 min, 12-80% B (linear gradient); 45-50 min, 80-12% B (linear gradient). The column temperature was 25°C and the flow-rate was set at 1 mL/ min. Detection was at a wavelength of 280 nm and the UV spectra were acquired between 200-600 nm. Degradation products were identified by chromatograms according to their relative retention times and LC-MS in the negative ion mode. For the MS analysis, voltage of capillary was set at 3000 V. The temperature of ion source and the desolvation was adjusted to 150 and 500°C, respectively. The spectra were scanned over a mass range of m/z 100-1500.
Antioxidant activity analyses
Three different assays were used for the evaluation of the antioxidant activities of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars. DPPH radical scavenging assay was conducted according to the method described by BrandWilliams et al. [16] Briefly, 0.1 mL of various concentrations of samples was added to 3.9 mL of 25 mg/L DPPH radical solution in methanol. The mixture was shaken vigorously and allowed to stand at room temperature for 30 min. The absorbance at 517 nm was measured and synthetic antioxidant BHA was used as a positive control. The capability to scavenge the DPPH radical by the sample was calculated as follows: DPPH scavenging effect (%) = [(A 1 -A 2 ) /A 1 ] × 100, where A 1 is the absorbance of the control reaction, and A 2 is the absorbance in the presence of the sample. Moreover, the concentration of the sample that could scavenge 50% of the DPPH radicals (IC 50 ) was calculated.
ABTS radical scavenging assay was done according to the method described by Re et al. [17] ABTS radical cation was generated by reacting 7 mM ABTS and 2.45 mM potassium persulfate after incubation at room temperature in dark for 16 h until reaching a stable oxidative state. On the day of analysis, the ABTS solution was diluted with 80% ethanol to an absorbance of 0.700 ± 0.050 at a wavelength of 734 nm. Various concentrations of samples (0.1 mL) of dissolved in 80% ethanol was added to ABTS solution (3.9 mL) and mixed thoroughly. The reactive mixture was allowed to stand at room temperature for 6 min and the absorbance was immediately recorded at 734 nm. The capability to scavenge the ABTS radical by the sample was calculated as follows:
, where A 1 is the absorbance of the control reaction, and A 2 is the absorbance in the presence of the sample. Moreover, the concentration of the sample that could scavenge 50% of the ABTS radicals (IC 50 ) was calculated. BHA was used as a positive control. Ferric reducing antioxidant power (FRAP) assay was determined according to the method described by Benzie and Strain. [18] Briefly, 3 mL of freshly prepared FRAP reagent was mixed with 0.1 mL of various concentrations of samples dissolved in methanol. The FRAP reagent was prepared from 300 mmol/L acetate buffer (pH 3.6), 20 mmol/L ferric chloride and 10 mmol/L TPTZ made up in 40 mmol/L hydrochloric acid. All the above three solutions were mixed together in the ratio of 25:2.5:2.5 (v/v/v). The absorbance of reaction mixture at 593 nm was measured spectrophotometrically after incubation at room temperature for 10 min. Moreover, the FRAP values, expressed in mmol ascorbic acid equivalents (AAE)/g dried samples, were derived from a standard curve. BHA was used as a positive control.
Enzyme inhibition assay
The enzyme inhibitory activities of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars were determined by the method of Qiu et al. [19] with a slight modification. In this investigation, 3,4-dihydroxyphenylalanine was used as a substrate for the enzyme activity assay. The reaction medium (3 mL) contained 0.5 mM 3,4-dihydroxyphenylalanine in 50 mM sodium phosphate buffer (pH 6.8). The final concentration of mushroom tyrosinase was 3.33 µg/mL. The enzyme activity was monitored by dopachrome formation at 475 nm accompanying the oxidation of the substrate. Absorption was recorded using a Genesys 10S spectrophotometer. The extent of inhibition by the addition of the sample was expressed as the percentage necessary for 50% inhibition (IC 50 ) for enzyme activity assay. Controls, without inhibitor but containing 3.3% water, were routinely carried out. All measurements were carried out at 30°C.
Statistical analysis
Data were expressed as mean ± standard deviation (n = 3). One-way analysis of variance (ANOVA) and Student-Newman-Keuls test were used to examine the difference between samples (p < 0.05). The correlation coefficients among the different antioxidant assays were carried out using linear regression analysis. All statistical analyses were done with SPSS 16.0 for windows.
Results and discussion
MALDI-TOF-MS analysis of the proanthocyanidins
MALDI-TOF-MS is considered a preferred mass spectral method for the analysis of highly polydisperse and heterogeneous proanthocyanidins. [9, 11, 14, 20, 21] The positive-ion MALDI-TOF mass spectra of the proanthocyanidins in leaves of A: Huangjingui and B: Qilan cultivars, recorded as CS + adducts in the reflectron mode, are shown in Fig. 2 . The mass of spectra showed a series of peaks at m/z 999, 1287, 1575, 1863, etc. The distance between the major peaks was 288 Da, which coincides with the mass of a (epi)catechin unit. Prolongation of the proanthocyanidins was due to addition of (epi)catechin monomers, extending up to octamers for Huangjingui cultivar and to nonamers for Qilan cultivar, respectively. Another repeated pattern within each main set of peaks was signals separated by Δ16 Da difference (Fig. 2a inset) . These masses could be produced by the heterogeneity of monomer flavan-3-ol subunits. The subset of masses Δ16 Da lower indicated the polymer chains containing monomers with only one hydroxyl group at the aromatic ring B. The subset of masses Δ16 Da higher could be explained by heteropolymers of repeating flavan-3-ol units containing an additional hydroxyl group at the position 5' of the B-ring as described by Reed et al. [20] The proanthocyanidins in leaves of two tea cultivars were built up of procyanidins, propelargonidins, and prodelphinidins, all with the predominance of procyanidins.
In addition, the series of peaks with more 132 Da and 152 Da were also detected in positive reflectron mode spectra of two tea cultivars (Fig. 2a inset) . According to previous studies, the former might be quasimolecular ions [M + 2Cs -H] + generated by simultaneous attachment of two Cs + and loss of a proton, [22] while the latter might be corresponding to the addition of one galloyl group at the heterocyclic C-ring. [15, 20] Similar molecular forms and ionization patterns for Acacia confusa leaf proanthocyanidins were also reported by Wei et al. [23] 
Thiolysis-HPLC-ESI-MS analysis of the proanthocyanidins
Thiolysis coupled with reversed-phase HPLC-ESI-MS is commonly used to determine the nature and proportion of constituent units of proanthocyanidins in plants and fruits. [14, 15] The typical chromatograms of thiolytic products of the proanthocyanidins in leaves of A: Huangjingui and B: Qilan cultivars are shown in Fig. 3 . Eleven peaks corresponding to either terminal units or extension units were detected. Peaks 1, 2, 3, 4, and 6 were identified to be epigallocatechin, catechin, epicatechin, epigallocatechin-3-O-gallate and epicatechin-3-O-gallate by comparing the retention time and mass spectra with those of authentic standards, respectively. Peak 5 exhibited mass spectrum at m/z 273
). It can be azfelechin or (epi)azfelechin, respectively. Peaks 7, 8, 9, 10, and 11 gave rise to m/z 427, 579, 411, 563, and 395, respectively, in negative ion mode. They were identified as (epi) gallocatechin benzylthioether, (epi)gallocatechin-3-O-gallate benzylthioether, (epi)catechin benzylthioether, (epi)catechin-3-O-gallate benzylthioether, and (epi)-afzelechin benzylthioether, respectively. Due to lack of authentic standards, the stereochemistry of these compounds could not be confirmed based on mass spectra.
The results after thiolytic degradation suggested that the two tea cultivars exhibited similar proanthocyanidin terminal and extension unit flavan-3-ol profiles. The terminal units of the proanthocyanidins mainly consisted of epicatechin. The extension units of the proanthocyanidins were predominantly constituted by (epi)catechin and (epi)gallocatechin-3-O-gallate, with a small amount of (epi)-gallocatechin, (epi)catechin-3-O-gallate, and (epi)afzelechin. The proanthocyanidins in leaves of Huangjingui and Qilan cultivars consisted of a mixture of propelargonidins, procyanidins, and prodelphinidins, which was in agreement with the findings obtained by MALDI-TOF-MS analysis.
Antioxidant activities of the proanthocyanidins
In order to give a comprehensive evaluation of antioxidant activities of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars, three different in vitro assays including DPPH radical scavenging, ABTS radical scavenging, and FRAP were carried out in the present study. DPPH and ABTS assays are simple and quick methods that have been extensively used to evaluate radical scavenging activities of pure compounds as well as plant extracts. [24, 25] Figure 4a and 4b shows DPPH and ABTS radical scavenging activities of the proanthocyanidins in leaves of two tea cultivars at different concentrations. The results demonstrated that these proanthocyanidins could scavenge DPPH and ABTS radicals in a concentration-dependent manner. In order to quantify the antioxidant activity further, the IC 50 values were calculated and results are shown in Table 1 . The IC 50 values of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars, as well as BHA, for the DPPH assay were 87.36 ± 0.83, 97.33 ± 0.61, and 117.57 ± 1.43 µg/mL, and for the ABTS assay were 43.57 ± 0.25, 55.01 ± 0.22, and 97.43 ± 0.49 µg/ mL, respectively. A lower IC 50 value is associated with a higher radical scavenging activity. Apparently, Huangjingui and Qilan cultivars proanthocyanidins exhibited higher radical scavenging activity than that of BHA, as measured by DPPH and ABTS assays.
FRAP is another widely used method for the measurement of the antioxidants. The FRAP assay is based on the redox reaction of ferric ion in the presence of a reducer. [26] Several researchers have confirmed that the antioxidant activity of plants is closely associated with their reducing power. [27] A higher absorbance corresponds to a higher ferric reducing power. The proanthocyanidins in leaves of two tea cultivars exhibited increased ferric reducing power with the increasing concentration (Fig. 4c) . The FRAP values, expressed in AAE, are presented in Table 1 . It was found that the FRAP values of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars were 4.83 ± 0.03 and 3.97 ± 0.02 mmol AAE/g, respectively. Similar to the results obtained from the DPPH and ABTS radical scavenging assays, Huangjingui cultivar proanthocyanidins showed significantly higher ferric ion-reducing activities than that of Qilan cultivar. Furthermore, the correlation coefficients (R methods suggested that all antioxidant activity assays were reliable and interchangeable for antioxidant activities of the proanthocyanidins in leaves of two studied tea cultivars. These results were in agreement with other reports in the literature. [9, 28] Inhibitory effects of the proanthocyanidins on mushroom tyrosinase activity
The inhibitory effects of the proanthocyanidins in leaves of two tea cultivars on oxidation of 3,4-dihydroxyphenylalanine catalyzed by mushroom tyrosinase were investigated. As shown in Fig. 5-1 , the proanthocyanidins significantly inhibited the activity of mushroom tyrosinase in a concentration-dependent manner. The IC 50 values of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars were determined to be 54.8 ± 1.27 and 20.0 ± 0.89 µg/mL, respectively. A lower IC 50 Values are presented as means ± standard deviation (n = 3). Different letters in the same column show significant differences from each other at p < 0.05 level.
a
The antioxidant activity was evaluated as the concentration of the test sample required to decrease the absorbance at 517 nm by 50%. b The antioxidant activity was evaluated as the concentration of the test sample need to decrease the absorbance at 734 nm by 50%. c FRAP values were expressed in mmol ascorbic acid equivalent (AAE)/g sample in dry weight.
value reflects greater tyrosinase inhibitory activity. Wang et al. [29] reported that the methanolic extract from sorghum distillery residue exhibited tyrosinase inhibitory activity with an IC 50 value of 580.0 µg/mL. Li et al. [30] found that aminoethylisothiourea (AET) gave an inhibitory effect against the tyrosinase with an IC 50 value of 574.1 µg/mL. The results suggested that the obtained proanthocyanidins in the present study might be developed as potent tyrosinase inhibitors.
The inhibitory mechanisms of the proanthocyanidins in leaves of two tea cultivars on mushroom tyrosinase activity were also studied. As observed in Fig. 5-2 , the plots of the remaining enzyme activity versus the concentrations of enzyme gave a family of straight lines with different concentrations of the proanthocyanidins, which all passed through the origin. Increasing the inhibitor concentration resulted in a descending of the slopes of the lines, indicating that the presence of proanthocyanidins did not bring down the amount of enzyme but just lead to a decrease in the enzyme activity. The inhibitory mechanisms of the proanthocyanidins in leaves of Huangjingui and Qilan cultivars on the activity of mushroom tyrosinase belonged to be reversible.
The inhibitory kinetic behavior of the oxidation of 3,4-dihydroxyphenylalanine, catalyzed by mushroom tyrosinase at different concentrations of the proanthocyanidins in leaves of two tea cultivars, was then studied. From the double-reciprocal plots of 1/v versus 1/[S] at different concentrations of the proanthocyanidins, a family of straight lines crossed at the second quadrant were obtained (Fig. 5-3I ). It indicated that the obtained proanthocyanidins in the present study were competive-uncompetive mixed-type inhibitors. The results revealed that the proanthocyanidins bound with free enzyme as well as enzyme-substrate complexes. The equilibrium constants for inhibitor binding with the free enzyme (K I ) and with enzyme-substrate complex (K IS ) were obtained from the plots of the slope or the vertical intercept versus the inhibitor concentration, respectively (Fig. 5-3II, III) . The values of K I and K IS for the proanthocyanidins in leaves of Huangjingui and Qilan cultivars were determined to be 69.76 and 90.83, 20.27, and 165.96 µg/mL, respectively. The values of K IS were 1.3 and 8.2 times of K I for the proanthocyanidins in leaves of two tea cultivars, indicating that the affinity of the inhibitor for free enzyme was stronger than that for the enzymesubstrate complexes. Tight binding of the inhibitor to the enzyme or enzyme-substrate may be responsible for the low value.
Conclusions
The spectral data showed that the proanthocyanidins in leaves of Huangjingui and Qilan cultivars were mainly composed of procyanidins, with a small amount of propelargonidins and prodelphinidins. The proanthocyanidins in the studied tea cultivars exhibited strong antioxidant activities which is comparable to the synthetic antioxidant BHA. Moreover, the obtained proanthocyanidins also had excellent tyrosinase inhibitory activities, and were found to be a competitive-uncompetitive mixedtype inhibitor. Overall, these results suggested that the proanthocyanidins in leaves of two tea cultivars were promising to be developed as natural antioxidants and tyrosinase inhibitors for pharmaceutical and cosmetic applications. 
